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4. Z. Jacob, L. V. Alekseyev, E. Narimanov, Opt. Express 14, 8247 (2006 We analyzed the distribution of branched tetraether membrane lipids derived from soil bacteria in a marine sediment record that was recovered close to the Congo River outflow, and the results enabled us to reconstruct large-scale continental temperature changes in tropical Africa that span the past 25,000 years. Tropical African temperatures gradually increased from~21°to 25°C over the last deglaciation, which is a larger warming than estimated for the tropical Atlantic Ocean.
A direct comparison with sea-surface temperature estimates from the same core revealed that the land-sea temperature difference was, through the thermal pressure gradient, an important control on central African precipitation patterns.
C ontinental climate change during the last deglaciation, especially in the tropics, is not as well understood as it is for the oceans (1-3). For Africa, a consensus is emerging on past changes in humidity and their causes based on lake level and pollen studies as well as the deuterium content of plant waxes (4-6), but temperature records for such tropical continental areas remain scarce and incomplete. In contrast to the marine environment, few quantitative temperature proxies exist for the terrestrial environment, and continuous long-term climate archives on land are limited. For instance, pollen-based vegetation studies, a widely used method for environmental reconstructions on land (5) , are complicated in the tropics because the effects of changes in temperature are difficult to distinguish from those of changes in precipitation. Temperature estimates based on another method, stable oxygen isotope contents of carbonates and silicates, are widely applied in lacustrine sediments and speleothems. However, although these estimates are appropriate for high-resolution qualitative paleoclimate reconstructions (7, 8) , quantification of climate change in terms of paleotemperatures requires tenuous assumptions about the past changes in parameters that have influenced the source-water composition. The scant paleotemperature data available for the African continent imply a temperature difference of~3.5°to 6°C between the Last Glacial Maximum (LGM) and the present day (2, 5, 9, 10), but these data often represent a relatively local signal or are incomplete records. Thus, knowledge on African tropical temperature change over the last deglaciation is rather limited, especially for the vast tropical rainforest area of the Congo Basin. Continuous, high resolution, long-term records of continental-scale temperature change are much needed to improve this knowledge and enable proper comparison with records of marine temperature changes.
To gain better insight into the central African temperature development over the last deglaciation, its relation to global climatic changes, and its effect on the continental hydrological cycle, we used the Methylation index of Branched Tetraethers (MBT) and Cyclization ratio of Branched Tetraethers (CBT) based on branched glycerol dialkyl glycerol tetraethers (GDGTs) (11) present in a marine core recovered close to the Congo River outflow (GeoB 6518-1, 05°35.3′S, 11°13.3′E, water depth of 962 m, Fig. 1 ). Using the MBT and the CBT, we reconstructed the annual mean air temperature (MAT) of the Congo River basin (12) which could be compared with the sea surface temperature (SST) record obtained from the same core (Fig. 2) . Branched GDGTs ( fig. S1 ) are abundant core membrane lipids derived from bacteria that thrive in soils (11, 13, 14) . As the soil erodes, the GDGTs are fluvially transported to the ocean. Indeed, they have been shown to be an excellent tracer of the fate of soil organic matter in the Congo deep-sea fan (13) and the Bay of Biscay (15) (fig. S2) . The large catchment area of the Congo River (3.7 × 10 6 km 2 ) extends from about 6°N to 13°S and from about 13°to 33°E in central Africa (Fig. 1A) , with elevations between 300 and 1200 m except for one small part, located at its eastern boundary, that rises above 2000 m (16) . The temperature estimates obtained from our marine core, therefore, represent a catchment-integrated terrestrial temperature signal derived from land of low to intermediate elevation. Analysis of the C) of plantwax n-alkanes has shown that the Congo River mainly drained rainforest-vegetated areas over the past 20,000 years (6) .
The main advantages of our record compared with previous climate records are its relatively high temporal resolution (~200 years), continuous nature, and large geographical coverage (i.e., central tropical Africa). The nature of our data allowed us to gain detailed insight into the general development of tropical African temperature over the last deglaciation. The annual MAT record of the Congo Basin reveals an overall warming since the LGM [~24,000 to 18,000 calibrated years before present (~24 to 18 cal ky B.P.)] of 4°to 4.5°C (Fig. 2C ). This is consistent with scant data on paleotemperatures from a few other locations in tropical Africa outside the Congo Basin. Pollen-based temperature reconstructions suggest an LGM that had been 4°to 4.5°C cooler than today-that is, 4°C cooler in the Burundi highlands (5) and 4.5°C cooler in the southern Lake Tanganyika basin (17) . Furthermore, LGM temperatures that were~3.5°C lower than today have been reported based on TEX 86 (tetraether index of tetraethers consisting of 86 carbon atoms) lake surface temperature reconstructions for northern Lake Malawi (10) . Larger differences between LGM and present-day temperatures have been reported based on analyses of stalagmite stable isotopes and groundwater noble gases. Such analyses indicated that temperatures were~5.7°C cooler in a South African speleothem (18) and 5°to 6°C cooler in groundwater aquifers in Namibia and South Africa (9, 19) , but these data were derived from sites substantially farther south of the equatorial Congo Basin. Our record indicates that deglacial warming has been of similar magnitude for the whole of tropical Africa, from the western and central lowlands to the eastern highlands.
The onset of postglacial warming in our record at about 17 cal ky B.P. (Fig. 2C ) is in line with the Southern Hemispheric climate development, with the European Project for Ice Coring in Antarctica (EPICA) Dome C Deuterium record showing the onset of warming at about 17.5 cal ky B.P. (20) (Fig. 2B ) and about 17 cal ky B.P. in a stalagmite d
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O record from South Africa (18) . Recent work based on 10 Be exposure dating of moraines (3) has shown that in the mid-latitudes of both hemispheres, the onset of the last deglaciation was near synchronous at about 17.2 cal ky B.P.; a similar timing of 17.3 cal ky B.P. was inferred for the onset of the last deglaciation in the South American tropics of Peru and Bolivia. Our tropical temperature record shows that the postglacial warming in tropical central Africa started at the same time, after a short cooling episode between 18 and 17 cal ky B.P., providing strong evidence for a globally synchronous onset of the last deglaciation.
With values of 20.5°to 21°C, temperatures were rather constant during the LGM. The rate (Fig. 1B) .
Our record also enables a more detailed comparison of tropical continental temperature change with global climate development and SST records, in particular from the tropical Atlantic Ocean. SST reconstructions based on alkenone paleothermometry indicate~1.7°C lower SSTs for the Indian Ocean and~2.7°C lower SSTs for the tropical Atlantic Ocean during the LGM relative to Holocene temperatures (22) . This agrees well with the~2.5°C alkenone-based LGM-Holocene SST range at this site (Fig. 2D) , representative for the eastern tropical Atlantic Ocean (6) . Thus, compared with the ocean, the reconstructed continental deglacial warming of 4°to 4.5°C is considerably stronger. This difference between continental and oceanic deglacial warming in the tropics is in agreement with climate model studies, which suggest that the average continental deglacial warming in the tropics was about 1.5 times stronger than the deglacial warming of the tropical oceans (23, 24) . This amplified continental warming may have been because the continents cool more during glacial times. At high and mid-latitudes, the presence of a changed and often reduced vegetation cover during glacials results, through increased albedo, in enhanced cooling of the land surface. However, in tropical areas, this effect is counteracted by a negative feedback from reduced evaporation, which results from decreased tropical rainforest area. The reduced evaporation leads to a decreased loss of latent heat and thus relatively warmer surface temperatures. As a result, vegetation changes in tropical Africa are thought to result eventually in a negligible temperature effect (25) . A more likely explanation for the enhanced glacial cooling of the continental tropics may thus be an increased pole-to-equator temperature gradient, resulting in a strengthened and enlarged Hadley Cell circulation (26) and, consequently, an increase in relatively cool air that flows from higher toward lower latitudes.
Because central Africa seasonally receives airflow from both the Northern Hemisphere, when the Intertropical Convergence Zone (ITCZ) is in its southernmost position, and the Southern Hemisphere, when the ITCZ is in its northernmost position (4), its temperature evolution is likely related to climate changes in both hemispheres. This coupling to both hemispheres supports the idea that the onset of the deglacial warming in our record at about 17 cal ky B.P. is global in character. It also might explain the lack of clear temperature signals related to the Antarctic Cold Reversal and the Younger Dryas, which were asynchronous deglacial cold events in the Southern and Northern hemispheres, respectively (27) . Compensation of these cooling events by warmer air from the opposite hemisphere in the tropical realm apparently resulted in the observed period of relatively stable annual MAT over equatorial tropical Africa from 13.5 to 11.5 cal ky B.P.
Notably, the difference in deglacial warming between the continent and the ocean should have had an impact on continental hydrology through the land-sea thermal gradient. Presentday African rainfall variability is in large part associated with SST distributions in the South Atlantic Ocean in that the thermal pressure gradient differs between the African continent and the ocean surface (28) . A large negative land-sea temperature gradient-that is, relatively warm sea and cool continent-will result in a generally off-land air flow, preventing moist air from the ocean from flowing onto the continent. An advantage of reconstructing continental African temperatures from a marine core is the possibility of comparing the results with SSTs derived from the same core (6) (Fig. 2D) ; we used this comparison to reconstruct the thermal gradient between central Africa and the eastern equatorial Atlantic Ocean over the past 25,000 years (DT land-sea ; Fig. 2G ). During glacial times, the DT land-sea record generally shows values of -1°to -3°C, which disappear rather quickly after the onset of the deglaciation. Negative values down to -2°C return at about 12 cal ky B.P., coincident with a fast SST increase in the eastern equatorial Atlantic Ocean, and gradually disappear again at the start of the Holocene. During the Holocene, the land-sea temperature gradient was rather stable, with values just greater than 0°C.
The influence of the land-sea thermal gradient on continental hydrology can be evaluated by comparison with central African humidity changes reflected in the Deuterium content (dD) of plant-wax n-alkanes from the same record (6) and with the soil pH record derived from the CBT ratio of the branched GDGT membrane lipids (Fig. 2, E and F) . Large-scale soil pH changes are assumed to reflect changes in precipitation intensity given that in the long term, soil-leaching processes result in either stronger or weaker soil acidification as precipitation increases or decreases, respectively (29) . Indeed, the large negative values in the DT land-sea record correspond to relatively dry periods reflected in the dD record and relatively high soil pH values (Fig. 2, E to G) . Smaller negative or even positive values, indicating weak off-land or even onland air flow, correspond to wetter conditions and lower soil pH values. Thus, the land-sea thermal gradient apparently exerts a strong control on central African precipitation patterns. The discrepancy between the DT land-sea record and the humidity records during the second part of the Holocene might be due to a very weak land-sea temperature gradient in this time interval that allowed other forcing mechanisms to become predominant.
It has been suggested that the meridional tropical-subtropical SST gradient in the South Atlantic Ocean exerts a strong control on central African precipitation changes (6) . This mechanism works in the same direction as the land-sea thermal gradient: A relatively warm tropical ocean will result in stronger meridional winds as well as off-land winds, both preventing moist air from flowing from the oceans onto the continent. Before the Holocene, the land-sea thermal gradient was large and apparently exerted a dominant control, whereas during the Holocene, when the land-sea thermal gradient remained weak, the meridional SST gradient increased and became dominant in controlling precipitation in central tropical Africa, thereby causing increasingly dry conditions (6) . Hence, the combined evolution of land temperature and SST in different parts of the Atlantic Ocean controlled precipitation patterns in central Africa during the past 25,000 years. A sheeted-dike complex within the~3.8-billion-year-old Isua supracrustal belt (ISB) in southwest Greenland provides the oldest evidence of oceanic crustal accretion by spreading. The geochemistry of the dikes and associated pillow lavas demonstrates an intraoceanic island arc and mid-ocean ridge-like setting, and their oxygen isotopes suggest a hydrothermal ocean-floor-type metamorphism. The pillows and dikes are associated with gabbroic and ultramafic rocks that together make up an ophiolitic association: the Paleoarchean Isua ophiolite complex. These sheeted dikes offer evidence for remnants of oceanic crust formed by sea-floor spreading of the earliest intact rocks on Earth.
O phiolites represent sections of oceanic crust that were generated by sea-floor spreading and later emplaced onto continental margins (1). Originally, ophiolites were assumed to represent oceanic crust formed at mid-ocean ridges, but this view has changed radically, and it is becoming clear that the majority of ophiolites are generated in suprasubduction-zone environments (1). Depending on their tectonic environment of formation and their structural architecture and geochemical affinities, Phanerozoic ophiolites can be classified into different types, but the majority are genetically related to subduction environments (1, 2) . A complete ophiolite consists of submarine basaltic volcanic rocks (mainly pillow lavas), sheeted dikes, a plutonic complex, and upper-mantle rocks. However, many ophiolites lack one or more of these components (2) . In Archean greenstone belts, the absence of complete ophiolite pseudostratigraphies (in particular, sheeted dikes and gabbros) has led many workers to conclude that ophiolites are not represented in the earliest stages of Earth's history (3) (4) (5) . The oldest purported example is the 2505-million-year-old Dongwanzi ophiolite complex in the North China craton (6), which is a disputed claim (7).
It has been suggested that several Archean greenstone belts host dismembered ophiolites (8, 9) . Nonetheless, the question of whether Archaean oceanic crust formed by sea-floor spreading was related to Phanerozoic-like plate tectonics has so far remained conjectural because of the absence of compelling kinematic evidence to discriminate between origins through the horizontal motion of plates at divergent plate boundaries or through vertical motion above mantle plumes. Sheeted dikes provide an answer to these questions because they form by sea-floor spreading and accretion during horizontal movement at divergent plate boundaries, and they are considered to be crucial components of ophiolites. Here we report the discovery of a sheeted-dike complex within the Paleoarchean Isua supracrustal belt (ISB). This and the associated rocks, together with their compositions, make up a~3.8-billionyear-old ophiolite, which in turn has strong 
